Abstract. Thermodynamic calculation of combustion parameters and equilibrium composition of HEMs combustion products showed, that at the increase of aluminum powder dispersity the specific impulse and combustion temperature of solid propellants are reduced due to the decrease of the mass fraction of active aluminum in particles. Partial or complete replacement of aluminum by metal powder (B, Mg, AlB 2 , Al\Mg alloy, Fe, Ti and Zr) in HEMs composition leads to the reduce of the specific impulse and combustion temperature. Replacement of aluminum powder by boron and magnesium in HEM reduces the mass fraction of condensed products in the combustion chamber of solid rocket motor. So, for compositions HEMs with boron and aluminum boride the mass fraction in chamber is reduced by 24 and 36 %, respectively, with respect to the composition HEMs with Al powder. But the mass fraction of CCPs in the nozzle exit increases by 13 % for HEMs with aluminum boride due to the formation of boron oxide in the condensed combustion products. Partial replacement of 2 wt. % aluminum powder by iron and copper additives in HEM leads to the reduce of CCPs mass fraction in chamber by 4-10 % depending on the aluminum powder dispersity duo to these metals are not formed condensed products at the HEMs combustion in chamber.
Introduction
The modern high-energy materials (HEMs) contains an oxidizer (ammonium perchlorate or nitrate), fuel-binder (inert or active polymeric rubbers), nitramines [1] [2] [3] and metal fuel (aluminum powder) [4] [5] [6] , which allows to increase the basic power characteristics of solid propellants at the burning in the combustion chamber. The main characteristics of combustion in relation to the propulsion systems are the dependence of the burning rate versus pressure, combustion temperature of solid propellant, specific impulse [7] , which is equal to the increase in the value of thrust implemented with the combustion of unit propellant mass, as well as chemical and particle-size distribution of condensed combustion products (CCPs).
One way to the increase of HEMs combustion characteristic is the use of combustion catalysts or metal powders and their oxides as a component of solid propellants. The aim of paper is decision possible of metal additives in HEMs with partial replacement of aluminum powder in order of the increase of the combustion parameters propellants and the reduce of the condensed combustion products amount with using a thermodynamic calculation program Terra [8] .
Combustion parameters
Thermodynamic calculation of combustion parameters and equilibrium composition of the combustion products was carried out for model composition of HEMs [9] , which contains ammonium perchlorate of 64.6 wt. %, butadiene rubber of 19.7 wt. % and aluminum powder of 15.7 wt. %. We considered various aluminum powders with different particle size. Mass fraction of active aluminum in composition of powders (brands of ASD and Alex nanopowder) amount from 0.85 to 0.99, depending on their dispersity. The mean particle diameters of aluminum powders of different grades are shown in Table 1 . In the capacity of additives were selected such metal powders as: boron, magnesium, titanium, iron, copper, zirconium, aluminum boride and alumino-magnesium Al/Mg alloy. We suggested, that the metal additive is introduced into the model composition of HEM by partial replacement of 2 wt. % aluminum powder. In the calculations we considered the initial oxidation of aluminum particles. In accordance with the results of our study the active (metal) aluminum Al content in powder of different parties and storage periods, which determined by the chemical analysis methods, we have adopted the average values of active aluminum content ( Table 2 ). The remaining mass fraction of powder (1-m Al ) is equal aluminum oxide Al 2 O 3 . For example, Alex aluminum nanopowder is a mixture Al and Al 2 O 3 in the weight ratio of 85/15. In the case of powder ASD-10 chemical analyzes are not carried out, and the quantity of active aluminum was calculated by extrapolation of the linear empirical approximation of Al from the value of the specific area of particles surface S sp for powder ASD-1, ASD-4, ASD-6. In this evaluation for ASD-10 we took S sp = 10000 cm 2 /g. The initial oxidation of the metal additives Ti, Fe, Zr, B, Cu, AlB 2 and Al/Mg alloys we considered equal to zero. The weight ratio of the components in the alloy is assumed equal to Al/B = 0.55/0.45 and Al/Mg = 0.50/0.50. In calculation we used the scheme of solid rocket motor, which shown in fig. 1 . The pressures ratio of p c /p a = 4.0/0.1 МPа was used for gas-dynamic degrees of combustion DOI: 10.1051/ 01048 (2016) , 2016 -products flow expansion. The index "c" is marked in the combustion chamber, and the index "a" -at the nozzle exit. Fig. 1 . The design of solid rocket motor: 1 -the igniter; 2 -a motor body; 3 -the burning surface; 4 -an insulation; 5 -a forward head; 6 -a central channel; 7 -the solid propellant charge; 8 -the nozzle.
The main calculated combustion parameters of HEMs such as the enthalpy I, the combustion temperature Т ad , the equilibrium adiabatic exponent k, relative molecular mass of the gas combustion products P, the coefficient of excess oxidizing elements D, the flow rate of gas products from the nozzle w and specific impulse J are shown in Table 3 . Table 3 . Calculated combustion parameters of HEMs with metal additives.
Metal powder
I, kJ/kg With the increase of aluminum powder dispersity for a number of ASD-4JASD-6JASD-10JAlex the specific impulse J and combustion temperature T ad of propellants are reduced due to the decrease of the mass fraction of active aluminum in the starting powders. Partial replacement of 2 wt. % aluminum by metal additive (B, Mg, AlB 2 , Al\Mg alloy, Fe, Ti and Zr) in the composition of HEMs the values of J and T ad are reduced. Table 4 shows the calculated parameters of condensed combustion products at the combustion of HEMs: mass fractions m с and m а , the phase composition of condensed particles contained in the combustion products at the pressures р с = 4.0 MPa and р а = 0.1 MPa, respectively. For a number of ASD-4JASD-6JASD-10JAlex as a result of the assumption of the presence of aluminum oxide in initial aluminum powder, the mass fraction of condensed particles in the combustion products is increased.
Parameters of condensed combustion products
It should be noted, that during the HEM combustion with boron in the chamber the quantity of condensed boron oxide is small and boron nitride in the combustion products dominate. Due to the nature of boron and magnesium additives (the ratio of molar masses of elements and oxides, the stoichiometric coefficient of oxidation reactions), a partial replacement of aluminum by boron and magnesium (in the mechanical mixture and alloy) reduces mass fraction m с of CCPs in chamber. So, for compositions HEMs with boron and aluminum boride AlB 2 mass fraction m с is reduced by 24 and 36 %, respectively, relative to the composition HEMs with active aluminum powder.
For compositions HEMs with iron and copper additives also have the reduce of m с at 4-10 % depending on the aluminum powder dispersity. During HEMs combustion in the chamber these compounds are not formed in condensed product. As a result, the combustion products contain less alumina Al 2 O 3 and the mass fraction of a condensed phase is decreased. Accordingly, HEMs compositions with iron and copper additives the reduction effect of mass fraction m с is more pronounced in the case of HEM with Alex aluminum nanopowder, than HEM with microsized aluminum powder ASD-4, due to a larger content of alumina Al 2 O 3 in Alex. Additives of titanium and zirconium in the case of HEMs with ASD-4, in opposite, Ti 3 O 5 and ZrO 2 oxides make an additional contribution to the condensed products and increase mass fraction m с .
Analyzing the data calculations pertaining to the nozzle exit, we note an increase of mass fraction of CCPs m a of 13% for HEMs with aluminum boride AlB 2 due to the formation of boron oxide B 2 O 3 in the combustion products. In the case of HEMs compositions with Alex and ASD-4 metal additives reduce the mass fraction of CCPs at the nozzle exit.
Conclusion
1. Thermodynamic calculation of HEMs combustion parameters and equilibrium composition of the combustion products showed, that at the increase of aluminum powder dispersity for a number of ASD-4JASD-6JASD-10JAlex the specific impulse and combustion temperature of solid propellants are reduced due to the decrease of the mass fraction of active aluminum in powder particles. Partial or complete replacement of aluminum by metal powder (B, Mg, AlB 2 , Al\Mg alloy, Fe, Ti and Zr) in HEMs composition leads to the reduce of the specific impulse and combustion temperature.
2. Replacement of aluminum powder by boron and magnesium (in the mechanical mixture and alloy) in HEMs reduces the mass fraction of condensed products in the combustion chamber of solid rocket motor. So, for compositions HEMs with boron and aluminum boride the mass fraction in chamber is reduced by 24 and 36 %, respectively, with respect to the composition HEMs with active aluminum powder. But the mass fraction of CCPs in the nozzle exit increases by 13 % for HEMs with aluminum boride due to the formation of boron oxide in condensed combustion products.
3. Partial replacement of 2 wt. % aluminum powder by iron and copper additives in HEMs leads to the reduce of CCPs mass fraction in the combustion chamber by 4-10 % depending on the aluminum powder dispersity duo to these metals are not formed condensed product during the HEMs burning in the combustion chamber.
4. Additives of titanium and zirconium in HEMs with ASD-4 make an additional contribution to formation of titanium and zirconium oxides in the condensed products and increase the CCPs mass fraction in the combustion chamber.
